Internal processes operating within low-density satellites, although they are poorly understood at present, are extremely significant in determining the scale and type of surface processes and features and the geologic evolution of such satellites. The two Galilean satellites Ganymede and Callisto are examples of such low-density (p < 2) bodies, and they are likely to have undergone a thermal evolution which resulted in varying interior states and surface processes as a function of time. A variety of mechanisms can produce melting of the interior in the early history of such bodies and lead to a configuration characterized by a predominantly water ice lithosphere overlying a mantle containing liquid water. The lithospheric processes operating during such a configuration and the long-term stability of such a configuration are examined. We use the thermal models of Consolmagno and Lewis (1976, 1977, 1978) (which envision significant melting and subsequent thermal evolution of the interior) for the Galilean satellites Ganymede and Callisto to assess (1) sources of stress in the lithosphere, (2) sources of instability of the lithosphere, (3) volcanic processes, and (4) residence time of surface topography. According to these thermal models the lithosphere of Ganymede-like bodies will be relatively thin (< 100 km) at the time of melting and be dominated by Ice-l. For bodies like Callisto the lithosphere may be thicker (•250 km) and contain an appreciable thickness of the denser phases of ice. If the lithosphere contains a sufficiently high mass fraction of silicates, gravitational instability taking the form of vertical subsidence of lithospheric blocks into the underlying liquid water could result in renewal of the lithosphere. This instability due to the weight of silicates within the lithosphere should be a one-time occurrence early in the history of such bodies. Renewal due to phase changes in a thick lithosphere could continue as long as the mantle was liquid on bodies like Callisto. Lithospheric instability may have been manifested as vertical movement and 'oceanization' as well as lateral movement and lithospheric overturn analogous to terrestrial plate tectonics. Primary sources of stress in the lithosphere include (l) tidal deformation, which presently produces membrane stresses only on the order of 1-2 bars but which could produce significant stresses in early periods of nonsynchronous rotation and high orbital eccentricity, and (2) volume changes due to phase changes and thermal expansion, which could cause significant stresses (on the order of a kilobar) if the lithosphere deforms elastically. An abundant supply of magma (liquid water) should evolve very early in the history, and surface volcanism should be very important during the initial heating of the interior and expansion of the bodies. Volcanism may be restricted at present owing to the inability of magma to penetrate the upper part of the lithosphere. Dynamical considerations (impact cratering, lithospheric overturn) can cause magma to reach the surface locally in abundance at certain times throughout the history. The long-term stability of a predominantly water ice lithosphere is uncertain. Reynolds and Cassen (1979) have proposed that solid state convection wil•l lead to partial to total mantle refreezing. We present an additional mechanism, related to ice diapirism, which also appears capable of transferring interior heat and freezing the mantle. Observations from the Voyager mission will help to unravel questions concerning the role of early melting, the duration and surface effects of such melting, and the mechanisms, evolution, and surface effects of subsequent mantle refreezing and solid state convection.
INTRODUCTION
The Galilean satellites of Jupiter (Io, Europa, Ganymede, and Callisto), although they are comparable with the Moon and Mercury in size, display surface properties and a range of bulk physical characteristics unlike those observed in the inner solar system (Table l) . The temperature is in degrees Kelvin, the pressure is in kilobars, and the radius is in kilometers. The Ganymede model assumes 80% by weight for silicates of density 2.5 g cm-8; 20% by weight for water ice. The Callisto model assumes 40% by weight for silicates of density 2.5 gcm -8, 60% by weight for water ice. The white sections arc ice, and the solid linc separates the region where Icc-I is stable (above) from the region where denser phases of ice arc stable (below). Homogeneous accretion, radioactive heating, and no solid state convection arc assumed. Scc Consolmagno and Lewis [ 1977] and text for more details.
km [Solomon and Toks6z, 1973] sive on these bodies. The models of Consolmagno and Lewis [1976, 1977, 1978] predict such an evolution due to radiogenic heating (neglecting processes resulting from deformation in the solid state). These assumptions lead to bodies which consist of an ice lithosphere overlying a liquid water mantle. In the long term, solid state deformation processes could make such The purpose of this paper is to outline some significant physical processes that might be operating on low-density bodies and to discuss the relation of physical processes to the formation and geological evolution of their surfaces. We emphasize Ganymede and Callisto because images obtained by the Voyager and Galileo missions to Jupiter will provide important data to test and refine the basic assumptions and hypotheses outlined here.
CHARACTERISTICS OF GANYMEDE AND CALLISTO
The orbital characteristics, bulk physical properties, and surface characteristics of the Galilean satellites provide important basic data for modeling physical processes and their relative significance. Johnson [1978] has recently summarized the characteristics of the Galilean satellites and their physical and photometric properties are outlined in Table 1 . Ganymede and Callisto have nearly circular, prograde orbits, almost exactly in Jupiter's equatorial plane. The two moons show systematic changes in brightness as they rotate around Jupiter [Morrison and Morrison, 1977] . These changes have the same periods as the individual orbits, suggesting synchronous rotation. Ganymede has a slightly lower albedo than Io and Europa, but is still more reflective than the Moon [Johnson, 1971] . Callisto has the lowest albedo of the four satellites, but is two times brighter than the moon. Spectral reflectance measurements are not indicative of compositions related to mare basalts, anorthosites, meteorites, or terrestrial igneous rocks [Johnson and Pilcher, 1977; Johnson, 1978] . Callisto and Ganymede show evidence of water ice plus varying amounts of an unknown, nonwater substance on their surfaces [Pilcher et al., 1972; Fink et al., 1973; Lebofsky, 1977 , Fanale et al., 1977 .
The physical state of the surfaces (determined from radar, polarization, and Ir observations) appears to be generally 'rougher' than the terrestrial planets (much multiple scattering at centimeter wavelengths), and the surface materials appear to have an even lower electrical conductivity than the moon [Goldstein and Morris, 1975; Campbell et al., 1977; Veverka, 1977a, b] . Particulate scattering surfaces are seen, and according to Dollfus' [1975] interpretation of polarization data the leading edge of Callisto resembles fine regolith, while the trailing edge resembles bare rock.
THERMAL AND CHEMICAL EVOLUTION OF GANYMEDE AND CALLISTO
To understand the present-day physical properties and surface features of a planetary body requires an understanding of its thermal and chemical evolution. Lewis [1971] and Consolmagno and Lewis [1976 Lewis [ , 1977 Lewis [ , 1978 have presented thermal histories for ice-silicate bodies which assume that the viscosity of ice at high pressure is large enough that solid state conv•tion does not transport significant amounts of heat. The models consequently predict that large amounts of melting will occur during the evolution of a homogeneously accreted body and that the present state of the interior of Ganymede and Callisto will be largely liquid. Large amounts of melting lead to rapid segregation of ice and silicate components so that these bodies should/at the present time, be chemically evolved, consisting of a silicate core surrounded by a liquid water mantle. The results of these studies are summarized in Figure   1 .
Surface temperatures are low enough (Table 1) that the top of the liquid water mantle should be in the solid state, forming an ice-silicate lithosphere. As for the earth and terrestrial planets, we consider the lithosphere to be an outer shell of significantly different rheology from that of underlying mantle. For a body which undergoes large amounts of melting, the ice or ice-silicate shell overlying a liquid water mantle will be termed the lithosphere. For the terrestrial planets the crust is a portion of the lithosphere which differs chemically from underlying mantle. Therefore on Ganymede and Callisto the term crust might be applied to describe a variation in the ratio of ice to silicates with depth in the lithosphere. However, the crust of the terrestrial planets is thought to have evolved from less silica and alumina-rich rock by a process of melting and chemical differentiation. Crust, if it can be defined on icesilicate bodies, is likely to have a very different origin and evolution. To understand the origin and evolution of surface features, we will be primarily concerned with processes which affect the lithospheres of Ganymede and Callisto.
The chemical composition of the lithosphere is uncertain. The albedo of the bodies suggests the presence of silicates at the surface [cf. Johnson, 1978] Radiogenic heat production occurs almost entirely within the silicate core of these bodies. The thermal models predict that the cores are heating, so that the heat flux out of the cores, which must be transmitted through the lithosphere, is increasing during the early evolution. However, the near-surface temperature is low enough that complete melting of the lithosphere cannot occur. The lithosphere, if it is static as the models assume, might then be expected to be a primitive mixture of ice and silicates.
Silicate particles may gravitationally segregate from the lithosphere by settling through ice. This could be an important process by which static lithosphere loses its silicate component. However, uncertainties in the theology of ice at low strain rates introduce major uncertainties into estimates of settling rates of finely dispersed silicate particles. The relative importance of the settling of silicates will depend on the rates at which other processes affect the lithosphere. We will assume that silicates occur as particles small enough to preclude significant settling on time scales of interest.
The thermal evolution models of Consolmagno 
PHYSICAL PROCESSES
For an evolutionary model that involves large amounts of melting, we wish to identify the physical processes which could affect the lithosphere of an ice-silicate body and therefore create surface features which can be interpreted photogeologically. We begin by examining sources of stress in icy lithospheres and proceed to outline potential causes of lithospheric instability. We also describe the possible behavior of liquid water magma ascending through the lithosphere and the resulting surface volcanism. Finally, we investigate the rheology of icy lithospheres in order to determine-the formation and residence time of various scales of topography.
Sources of Stress in Ice and Ice-Silicate Lithospheres
To assess the role of tectonic stresses in creating surface features, we first examine several mechanisms capable of generating significant stresses within the lithospheres.
1. Tidal deformation is a potentially important source of lithospheric stress. Orbital eccentricity, for example, causes the hydrostatic shape of a satellitic body to change with orbital position. Nonsynchronous rotation could also result in changes in shape of the lithospheric shell due to motion of a tidal bulge relative to the lithosphere. Studies by Peale (in the work of Burns, [1977] ), however, suggest that both Ganymede and Callisto should rotate synchronously, and this is supported by available telescopic observations. Orbital eccentricities, although they are presently small (0.001 for Ganymede and 0.01 for Callisto), can result in lithospheric stresses on the order of 1 bar. Earlier in the history of such bodies, both nonsynchronous rotation and orbital eccentricities may have been responsible for much larger stresses.
In a thin, nearly spherical shell the stress field created by changes in shape of the shell can be separated into two parts: bending and membrane stresses as shown in compression over the whole depth of the shell [Turcotte, 1974] . Bending stresses, as illustrated in Figure 3b , arise owing to differential stretching or shortening of material at various depths in the shell due to changes in local radius of curvature of the shell. Bending stresses vary linearly with depth in the shell. Tension or compression occurs at the outer surface, depending on whether the local radius of curvature has been increased or decreased. The maximum bending stress is given by ab•,,• = E(tAp/2p:). For a shell with a mean radius of 2500 km and a thickness of 100 km, membrane stresses are more than a factor of 10 larger than bending stresses.
To evaluate the magnitude of membrane stresses in the lithospheres of Ganymede and Callisto, we assume that the figure of these satellitic bodies can be approximated by an equilibrium hydrostatic ellipsoid [cf. Jeffreys, 1976 where X and Y lie in the orbital plane with X directed radial to Jupiter. In these expressions, R is the mean radius of the satellite, and 3, = MRS/ma 8, where M is the mass of Jupiter, m is the mass of the satellitic body, and a is the distance between the centers of the two bodies. Magnitudes of membrane stresses can be estimated from changes in the figure associated with orbital eccentricity by determining changes in the circumference of sections of the ellipsoid due to changes in a. The magnitude of membrane stresses determined in this way varies cyclically with the orbital period, having a maximum value amem = 6E're, where e is the orbital eccentricity. For Ganymede and Callisto at present, the maximum membrane stress is of the order of 1-2 bars. Tensile stresses of this magnitude are probably too small to cause fracturing of polycrystalline ice [Hobbs, 1974] 
Stability of the Lithosphere
Gravitational forces may play an important role in tectonic processes. In the earth, gravitational forces acting on density differences within the mantle generate the mechanical motion of lithospheric plates. On Ganymede and Callisto the lithosphere will be unstable if the weight or average density of a column of ice-silicate lithosphere is greater than that of a column of liquid water. Such a lithospheric column cannot reside statically above the mantle unless it is supported by intralithospheric stresses. This instability could give rise to some form of tectonic activity.
Two important factors influence the density contrast between lithosphere and liquid water: the mass fraction of silicates contained within the lithosphere and phase changes in ice (Figure 4) . At low pressures, water ice occurs as Ice-I which is about 10% less dense than liquid water. At high pressures (cf., Figure 5a ), Ice-I transforms into denser phases which are about 20% more dense than liquid water. The effect of these two factors on the static stability of an ice-silicate lithosphere is summarized in Figure 4 . The thickness of the lithosphere is determined by the amount of heat which must be conducted through it. Therefore the two factors which govern the static stability are the mass fraction of silicates in the lithosphere and the heat flow out of the interior of the body. Assuming that these bodies have reached a thermal steady state, all of the heat produced within the slicate core is transmitted through the lithosphere. Considering an ice-silicate body with a 2500-km radius and taking the rate of heat production per unit mass within the slicates to have a chondritic value, the heat flow through the lithosphere can be expressed in terms of the mass fraction of silicates within the body as a whole, as is shown in Figure 4 . If the mass fraction of silicates is large, the lithosphere is thin enough to be a mixture of Ice-I and silicates, and its stability is determined by the mass fraction of silicates (assumed to have a density of 2.5 g/cm *) within the lithosphere. For a body with a low total mass fraction of silicates the lithosphere is thicker, is composed dominantly of denser phases of ice, and is thus unstable even if it contains no silicates. An additional factor in lithospheric stability may be the presence of dissolved salts (C. Pilcher, personal communication, 1978) which could increase the mantle density, decre• •-ing the lithosphere-mantle density contrast, and add to lithospheric stability.
A primordial lithosphere for a homogeneously accreted body is taken to be one for which the mass fraction of silicates within the lithosphere is equal to the mass fraction of silicates within the body as a whole. As is shown in Figure 4 , primordial lithosphere is statically unstable. A pure ice lithosphere is statically unstable if the mass fraction of silicates within the body as a whole is less than a minimum value, because low heat flow results in a thick lithosphere which contains a large proportion of denser phases of ice.
The assumption of a thermal steady state as described above provides a basis for discussing these two sources of lithospheric instability. It is appropriate, however, to consider the evolution of an ice-silicate body as given by the Consolmagno and Lewis models. These models show that for Ganymede, which contains 60-80% silicates by mass, a thin Ice-I lithosphere forms early in the history of the body. If differentiation processes reduce the mass fraction of silicates to less than 15%, the lithosphere of Ganymede will be statically stable on a liquid water mantle. On Ca!!isto, which contains 40-60% silicates, the early formed lithosphere contains more of the denser phases of ice than of Ice-I and therefore is unstable throughout the evolution outlined by the thermal models. These considerations suggest that very different styles of tectonic activity may occur on Ganymede and on Callisto. On Calisto-like bodies, with significant thicknesses of the denser phases of ice, the lithosphere may undergo continuous subsidence into the liquid water mantle, the surface of the body being continuously replaced by the products of volcanic activity from the mantle. This style of tectonic activity emphasizes vertical movement and may be similar to that which has been times. This large-scale process may be a more important heat transport mechanism than the thermal convection within the lower lithosphere suggested by Reynolds and Cassen [1978] . The Rayleigh-Taylor instability would also occur for a liquid layer formed in a thermally evolving ice-silicate body. If the near-melting temperature viscosity of the denser phases of ice is of the order of 10 TM P, rapid diapiric ascent of the liquid could occur. This possibility as well as various mechanisms of lithospheric instability discussed above suggest that presently observed albedo and spectral characteristics of Ganymede and Callisto may be due to factors other than the presence of primitive silicates on the surface of the lithosphere.
Characteristics of Volcanic Process
Volcanism may be important during the chemical evolution of ice-silicate bodies. In the Consolmagno and Lewis models a layer of liquid water is assumed to form as a spherical shell as melting of a homogeneously accreted body occurs. Silicates within the melted ice-silicate material settle to the bottom of the liquid layer. A layer of pure liquid water is, however, less dense than the overlying ice-silicate material, and as was discussed above, the liquid layer may segregate into discrete bodies of water which move upward diapirically. Volcanism will occur if such diapiric bodies can reach the surface before freezing.
We wish to identify the thermodynamical and mechanical constraints on volcanism in a largely liquid ice-silicate body. For a body with a liquid water mantle, volcanism would not be constrained by the availability of magma (liquid water). However, important constraints on volcanism may be imposed by processes governing the transport of magma through the lithosphere of such a body.
If magma rising through the lithosphere in cracks or in diapirs does not lose heat to surrounding lithosphere, the magma will expand along an adiabatic path which to a first approximation can be treated as isothermal. If the magma does lose heat during its ascent, its temperature will fall below the isothermal value. A number of isothermal paths for different lithosphere thicknesses is shown in Figure 5a . The state of the magma at the base of the lithosphere is assumed to lie on the melting curve for ice.
If the thickness of the lithosphere is less than some minimum value, ascending magma will intercept the Ice-I solidus before reaching the surface, as is indicated by several isothermal paths shown in Figure 5a . After intercepting the solidus, the state of the magma will move along the solidus with crystallization occurring. This is illustrated in Figure 5b The mechanics of magma transport are poorly understood, even in the terrestrial case. Magma may rise in diapirs or through cracks or zones of weakness in the terrestrial lithosphere. On ice-silicate bodies, liquid water magma could move through the lithosphere in either of these two ways. If rising liquid water forms a continuous column, the condition for liquid to ascend through the lithosphere is that the weight or mass of the liquid column be less than that of a column of lithosphere. This condition is the inverse to the condition described earlier for lithospheric stability. If the liquid column contains less mass than the lithospheric column, the lithosphere, if it is unconstrained by intralithospheric stresses, would sink into a liquid water mantle. From another point of view, liquid water mantle would flood the surface of the lithosphere.
It seems unlikely that water can, in reality, form a continuous column through the lithosphere, since local differences in the hydrostatic pressure gradient between water and lithosphere would tend to segregate the column into discrete pockets [Weertman, 1971] . In this case the local density difference between lithosphere and liquid magma provides the important criterion for magma ascent. Since Ice-I is less dense than liquid water, the condition for magma ascent can be satisfied in the upper portion of an ice-silicate lithosphere only if the mass fraction of silicates exceeds some limiting amount greater than about 15%. It may be possible to maintain a continuous liquid water column if the lithosphere is under sufficiently large (deviatoric) tensile stresses, as might occur, for example, in a terrestrial setting at an accreting plate boundary.
If conditions are such that liquid water can reach the surface or near surface, vaporization will occur. Vaporization cannot occur, however, until the liquid reaches a shallow depth in the lithosphere. Liquid rising isothermally from the base of the lithosphere at a temperature near 0øC will have a vapor pressure of approximately 10 -2 bar. Thus in a pure ice lithosphere, vaporization would occur at a depth of about 1 m. Vaporization can act to reduce the mass of a water column as was described previously, but since vaporization would occur at such shallow depths, this effect does not appear to be very significant. That rising liquid water does vaporize suggests that volcanism, i,f it occurs, will be of an explosive nature producing volcani• craters of a size comparable with the depth of vaporization or with the size of the body of liquid, depending on which is larger. The previous discussion assumes pure water. The presence of dissolved gases and salts will affect the melting temperature and vapor pressure and the emplacement At low stresses (small h) the deformation mechanism will be diffusion rather than dislocation creep. For diffusion creep the viscosity is independent of stress, so that at low h the decay time becomes independent of h. The stress at which the transition from dislocation to diffusion creep occurs is not known, but available experimental data on deformation of water ice suggest that it is less than 1 bar. A value of 0.1 bar has been assumed in Figure 6 . The stress dependence of viscosity results in a decay time that is dependent on the amplitude of the topography. If craters in icy lithosphere are of similar size and tion, lithospheric renewal, surface volcanism, and continued particle flux. For low-density satellites with liquid water mantles these factors suggest residence times much less than those typical of cratered terrain on the moon, Mars, and Mercury. Occasionally, large craters or basins may have penetrated through the lithosphere, resulting in flooding of the crater interior. Fractures surrounding the cavities of smaller craters may also have provided conduits for magma to reach the surface. The brittle nature of the lithosphere at very high strain rates and the superabundance of sublithospheric magma on bodies with liquid water mantles suggest that impact-associated volcanism may be more important than on the terrestrial planets. Large impacts could also have been important in shape to those in silicate lithospheres, these features will decay enhancing lithospheric instabilities. with a stress dependent viscosity even for a transition stress as large as 1 bar. It is therefore important to understand more fully the effect which a stress dependent viscosity will have on the decay of topography. Topography with 'wavelengths comparable with or larger than the lithosphere thickness will also decay by viscous deformation in a manner similar to that for isostatically compensated crustal topography on the earth [Arthyushkov, 1974] and deformation in floating ice shelves [Weertman, 1957] , Isostatic compensation by lithosphere thickness variation, assuming of course that material at the base of the lithosphere is less dense than underlying liquid water, may be an important feature of long wavelength topography. Since the base of the lithosphere is a phase boundary, the thickness of the lithosphere is controlled by the temperature and pressure at its base. Thermal erosion of topographic roots at the base of the lithosphere may be important, in addition to viscous deformation, in controlling the decay of long wavelength surface topography.
SPECULATIONS ON GEOLOGIC HISTORY
Three major processes, volcanism, tectonism, and impact cratering, dominate the history of the terrestrial planets. On the basis of Consolmagno and Lewis's models for thermal evolution and our considerations of the physical processes affecting the lithosphere and interior of bodies such as Ganymede and Callisto, we present the following extremely tentative outline for the geologic processes and history of such bodies. Evidence for these processes and histories on Voyager and Galileo images of Ganymede and Callisto may help to distinguish between the roles of solid state convection and melting of the interior in low-density satellites.
We assume that the rate of impact crater formation was relatively high during the first one-seventh to one-half of the moons' histories. Several processes may have resulted in lithospheric instability on bodies such as Ganymede and Callisto. For both bodies, silicates within the lithosphere will contribute to lithospheric instability early in their history, but once the lithosphere is renewed by purging of silicates, this source of instability is removed. For Ganymede-like bodies, this factor appears to be important in the first few hundred million years, but the new lithosphere appears to be thin enough to be dominated by Ice-I and thus to be stable. For Callisto-like bodies, the present thickness of the lithosphere is such that the denser phases of ice will likely cause instability. On the basis of the thermal evolution models, this instability should persist up to the present. Therefore both Ganymede and Callisto are unlikely to have retained their primitive surfaces if they underwent this path of evolution. For Ganymede, lithospheric instability due to a sufficiently high mass fraction of silicates in the lithosphere and to phase changes may have dominated the first few hundred million years, followed by a statically stable Ice-I lithosphere up to the present. Although instability due to In contrast to silicates, the melting behavior of water does not offset the effect of heat loss during magma ascent through the lithosphere. This may act to prevent magma from reaching the surface of Ganymede and Callisto. The possible early melting of these bodies would produce an abundance of liquid water magma, and tectonic evolution of ice lithospheres provides various other mechanisms for ascent and emplacement. For example, extensive volcanic deposits may be associated with lithospheric instability and destruction. Vertical tectonics and oceanization on Callisto-like bodies may be accompanied by formation of volcanic plains at a scale comparable with sections of subsiding lithosphere. If lateral tectonics occurs on Ganymede-like bodies, new lithosphere will be created at diverging plate boundaries. Finally, large impact crater formation may produce environments conducive to magma ascent and volcanic plains emplacement, particularly in crater interiors. The role of dissolved gases and salts in low-density satellite volcanic processes has not been sufficiently investigated.
Albedo and spectral reflectance data suggest water ice on the surface of Europa (Table 1) . Models by Consolmagno and Lewis [1977] assuming 10% weight water ice (a maximum value given the high average density of Europa) show the development of a thin ice lithosphere overlying a liquid water mantle, conditions similar to Ganymede. Thus Europa might be expected to exhibit surface features similar to those on Ganymede and Callisto. Ganymede, Callisto, and Europa should have recorded evidence of these processes in their surface morphology if they underwent this path of evolution. However, the residence times of surface morphologic features, although they are uncertain in detail, may be small, measured in tens to hundreds of millions of years. Interpretation of geologic structures in various stages of viscous relaxation presents a.significant challenge to photogeologic analysts. The range of geologic processes discussed here and the resulting speculation on geologic history should provide a tentative framework for the interpretation of observations from Voyager and Galileo. In turn, these mission results will provide direct evidence to test current ideas about the evolution and associated geologic processes on low-density satellites such as Ganymede and Callisto and the relative significance of solid state convection versus large-scale melting of the interior of these bodies.
